Experimental and theory-based investigations have been carried out on the oxidation and adsorption mechanism of mercury (Hg) on brominated activated carbon (AC). Air containing parts per billion concentrations of Hg was passed over a packed-bed reactor with varying sorbent materials at 140 and 30°C. Through X-ray photoelectron spectroscopy surface characterization studies it was found that Hg adsorption is primarily associated with bromine (Br) on the surface, but that it may be possible for surfacebound oxygen (O) to play a role in determining the stability of adsorbed Hg. In addition to surface characterization experiments, the interaction of Hg with brominated AC was studied using plane-wave density functional theory. Various configurations of hydrogen, O, Br, and Hg on the zigzag edge sites of graphene were investigated, and although Hg-Br complexes were found to be stable on the surface, the most stable configurations found were those with Hg adjacent to O. The Hg-carbon (C) bond length ranged from 2.26 to 2.34 Å and is approximately 0.1 Å shorter when O is a nearest-neighbor atom rather than a next-nearest neighbor, resulting in increased stability of the given configuration and overall tighter Hg-C binding. Through a density of states analysis, Hg was found to gain electron density in the six p-states after adsorption and was found to donate electron density from the five s-states, thereby leading to an oxidized surface-bound Hg complex.
INTRODUCTION
Because of mercury (Hg) amalgam use or replacement, elemental mercury (Hg 0 ) vapor concentrations of up to approximately 27 g/m 3 in the air of dental offices have been documented. 1, 2 Several neuropsychological studies over the last 29 yr have investigated an increase in symptoms of cognitive malfunction and impairment within dental personnel and dentists. [3] [4] [5] [6] [7] [8] [9] When Hg 0 is inhaled, it is transported throughout the body via the bloodstream and can pass through the blood-brain barrier, subsequently oxidizing to Hg 2ϩ . 10 Functionalized activated carbon (AC) may be a suitable sorbent for Hg removal for this application. Understanding the mechanisms associated with sorbent functionalization for enhanced Hg 0 uptake in air and at ambient conditions is required to make this a viable option. Previous experimental studies 11 involving carbon (C) sorbents for the oxidation and/or adsorption of Hg 0 have been primarily focused on the application of capture from coal-fired power plant emissions, which are far more complex than the air investigations of the work presented here. However, knowledge and brief review of what has been learned within this related application will provide insight into the chemical mechanisms by which functionalized C sorbents act to effectively adsorb metallic Hg and its oxidized forms.
Huggins et al. 12, 13 investigated various C samples exposed to Hg at simulated coal combustion flue gas conditions and characterized them using X-ray absorption fine structure (XAFS) spectroscopy. The XAFS spectra provided strong indication of Hg chemisorption on C. Their data suggest that the adsorption process occurs through a combination of halide, sulfide, and oxygen anions (either C-bound or C-sulfate-bound) present on the C surface. Additionally, Hutson et al. 14 characterized chlorinated and brominated AC using X-ray absorption spectroscopy and X-ray photoelectron spectroscopy (XPS) after exposing the carbons to simulated flue gas containing Hg 0 (204 g/m 3 ; 24 parts per billion by volume [ppbv] ). They found no Hg 0 on the AC surface, but they found adsorbed Hg-bromine (Br) and Hg-chlorine (Cl) complexes and propose that Hg capture by chlorinated and brominated carbons is achieved by surface oxidation of Hg 0 with subsequent adsorption. Finally, Laumb et al. 15 have carried out surface analyses on ACs exposed to Hg-doped simulated flue gas, but they were unable to determine conclusively the oxidative state of surface-bound Hg because of XPSmeasured interference with silicon (Si), which is present at comparable levels to Hg within the C matrix.
The work presented here involves the investigation of the possible binding mechanism of Hg on AC sorbents
IMPLICATIONS
The design of Hg capture sorbents from air has application to Hg removal from dentist offices because of the elevated elemental mercury vapor concentrations in these environments from amalgam use or replacement. This work serves as the foundation for potential optimization of AC's properties to make this capture technology more effective and potentially less costly.
TECHNICAL PAPER
through packed-bed experiments, experimental characterization, and electronic structure calculations. Surface characterization experiments using XPS were carried out before and after exposure to air containing Hg 0 (203-10,817 g/m 3 ; 24 -1296 ppbv), which is crucial for determining the form of surface-bound Hg. Although the concentrations in air for the application of interest in the work presented here are lower than 200 g/m 3 , these elevated levels were investigated to obtain sufficient surface concentrations of Hg for detection using XPS. It is assumed that at these low concentrations the mechanism of oxidation and/or adsorption would not differ substantially. The difference would be a potential increase in the Hg-Hg interactions taking place. Unfortunately, because mercury oxide (HgO), mercury bromide (Hg 2 Br 2 ), and mercury bromide (HgBr 2 ) have similar binding energies in XPS, these surface-bound species will not be speciated. To further assist in determining the mechanism by which Hg 0 oxidizes and subsequently adsorbs on functionalized C, electronic structure calculations based on plane-wave density functional theory (DFT) have been carried out to determine the surface reactivity and subsequent stability of surface-bound Hg species.
OVERVIEW
Experimental Methods Hg-adsorbed C samples have been prepared to identify the species of Hg adsorbed on C surfaces using XPS to investigate the possible Hg binding mechanisms. A packed-bed reactor system was constructed as shown in Figure 1 to prepare the samples in an air environment containing Hg 0 . The powdered AC (e.g., 20 mg) samples were placed in a 1.27 cm-diameter quartz packed-bed reactor. The reactor is covered with a 50-cm-long ceramic fiber heater (Semi-Cylindrical Units-Embedded Coiled Elements, Watlow) to conduct tests at controlled temperatures and to obtain a uniform temperature profile in the reactor. Hg 0 vapor is introduced from an Hg calibration system (PSA 10.536 Mercury Calibration System, PS Analytical) and the outlet flow is measured using a commercially available Hg analyzer (PSA 10.525 Sir Galahad System, PS Analytical). The results described here are based on pure Hg 0 injection with air over commercially available brominated AC (DARCO Hg-LH) and nonbrominated AC (DARCO Hg) sorbents, which are available through NORIT Americas, Inc. Various conditions were considered: (1) (1296 ppbv, STD), with a flow rate of 0.5 L/min. These packed-bed tests were conducted until breakthrough was achieved (i.e., when the outlet Hg 0 concentration approached the inlet Hg 0 concentration). Because of the inherent Si-containing nature of AC, there was interference of oxidized Hg compounds and Si because of the similarity in their electron binding energies. To use XPS for surface characterization of Hg on C, it was necessary to investigate lower temperature conditions to increase Hg adsorption capacity of the C sorbent and to maximize the amount of Hg adsorbed on the sorbent surface. It is assumed that the chemical and related electronic interaction between Hg and the edge-site atoms would be the same at lower temperatures.
The sorbent surface is oxidizing and adsorbing. A question is whether the oxidation step proceeds via an Eley-Rideal mechanism, by which Hg strikes an adsorbed Br atom with the collision leading to oxidized Hg, or whether oxidation occurs via a Langmuir-Hinshelwood mechanism by which Hg strikes the surface, adsorbs, and reacts on the surface with a Br atom to form oxidized Hg. In both cases, the product formed will remain on the surface as an adsorbed complex or desorb directly into the gas phase, completing the reaction process. This step will depend on the relative stability of the reaction intermediates on the surface and the temperature and pressure conditions of the system. For instance, adsorption is an exothermic process so that a higher temperature would lead to desorption and in a similar manner, a decreased pressure would also lead to desorption. The Eley-Rideal mechanism requires that a reaction is barrierless and exothermic. 16 If a barrier to Hg oxidation exists, then the reaction pathway likely proceeds via a Langmuir-Hinshelwood mechanism. Previous investigations have shown that in the case of radical hydrogen (H) interactions with halogenated surfaces (gold 17, 18 and Si 19 ), the mechanism proceeds via an Eley-Rideal mechanism. Because Hg 0 is not expected to be in radical form at the temperature and pressure conditions of the work presented here, it is the authors' hypothesis that Hg oxidation proceeds via a Langmuir-Hinshelwood mechanism. In particular, the thermal energy of the system at 140°C is only 0.818 kcal/mol and 0.600 kcal/mol at 30°C. To test this hypothesis, XPS experiments were carried out on C samples before and after exposure to Hg 0 . The XPS experiments were performed using a Physical Electronics (PHI) 5000VersaProbe scanning XPS system at the Stanford Nanocharacterization Laboratory at Stanford University. The data reduction was carried out with PHI MultiPak Software. The instrument is not equipped with a cold stage and the vacuum is 10 Ϫ11 Torr, implying that physisorbed Hg (Hg 0 ) will likely be removed from the surface under the transport and analysis of the sample and that the observed surface-bound Hg was likely strongly adsorbed. Spectra were collected using monochromatic Al K␣ radiation at 1486 eV.
Theoretical Methods
Electronic structure calculations were carried out using plane-wave DFT to determine the surface reactivity of AC to Hg and surface-bound oxidized Hg species. DFT calculations were carried out using the Vienna Ab Initio Simulation Package. 20, 21 The projector augmented wave method was used to describe the ion-electron interactions. 22, 23 Electron exchange-correlation functionals are represented with the generalized gradient approximation, and the model of Perdew, Burke, and Ernzerhof is used for the nonlocal corrections. 24 The energy cutoff for the plane wave expansion was 400 eV, and Methfessel and Paxton Gaussian smearing of order 1 was used with a width of 0.2 eV to accelerate convergence of the total energy calculations. 25 The surface Brillouin zone integration was calculated using a ␥-centered 5 ϫ 5 ϫ 1 (for slab) or 5 ϫ 1 ϫ 1 (for ribbon) Monkhorst-Pack mesh. 26 Geometric optimization was performed using the conjugategradient algorithm until the absolute value of the forces on unconstrained atoms was less than 0.03 eV/Å.
The partial density of states (DOS) were calculated by projecting the electronic wave functions onto spherical harmonics centered on Hg, oxygen (O), and Br atoms. The integral of the DOS up to the Fermi level is proportional to the number of electrons participating in bonding and local reactivity. In general, the DOS analysis allows for an understanding of how electrons are covalently shared between different atoms. In this work, the DOS analysis of the s-and p-states of the simulated AC and the states of the surface-bound atoms (O and Br) have been investigated along with the s-, p-, and d-states of surface-bound Hg to determine the mechanism associated with Hg binding to C.
RESULTS AND DISCUSSION
Surface Characterization of AC Packed-bed reactor experiments were carried out to determine Hg 0 oxidation and binding mechanisms in an air environment. It was found that the use of sand and quartz wool in the packed-bed tests should be limited because their composition includes Si, which interferes with the oxidized Hg XPS spectra; therefore, the experiments presented here were carried out in the absence of sand to isolate the Hg spectra. However, through an XPS survey scan the AC was found to inherently contain 0.8 and 1.3 atom % Si for the brominated and nonbrominated AC, respectively. This concentration was still higher than that of Hg present on the sorbent. Specifically, the Si 2p and Hg 4f peaks interfere with each other in the binding region between 100.7 and 104 eV, which is the region where oxidized species such as HgBr 2 , Hg 2 Br 2 , and HgO would be located. To circumvent these challenges, a higher concentration of Hg 0 was used in the gas stream passing through the packed bed (1296 ppbv). Additionally, for XPS detection the sorbent experiments were carried out at lower temperatures to maximize adsorption, which is an exothermic process. The XPS survey scan of the sorbent reveals that the brominated AC contains 15.8% O and 0.4% Br, whereas the nonbrominated AC contains only O at 14.2%. It is important to note that XPS is a surface-sensitive technique and that these levels of Br detected are comprised of the Br available at the surface for interacting with Hg 0 . A technique such as inductively coupled mass spectrometry could be used to determine the total Br content of the sample, but this was beyond the scope of this study. Additionally, some of the potentially physisorbed Br contained in the sample may have been removed upon exposure to the ultrahigh vacuum environment of the XPS instrument.
Determining the speciation among the various surface-bound oxidized Hg species is difficult using XPS. The Figure 2 , a and c, it can be seen that with increasing the gas-phase Hg concentration from 203 (24 ppbv) to 6761 g/m 3 (810 ppbv), the Hg doublet is just slightly enhanced in the latter; however, because of the noise in the data, additional characterization experiments should be carried out to verify this slight observed increase. It should be noted that the absolute intensities of the XPS spectra do not carry a lot of meaning, but rather the relative intensities within a given spectrum do. The reason that relative rather than absolute intensities carry the meaning is that there are aspects of the measurement (e.g., source produces more X-rays one day vs. another, height of one sample is 100 m higher than another, etc.) that can change from day to day. This is why the baseline-untested data in Figures 2a-2d each differ from one another. Table 1 provides a summary of the XPS Hg and Br binding energies for Hg-Br reference compounds available in the literature 27 and for the Hg-containing brominated AC sorbent investigated in the work presented here compared with the study carried out by Hutson et al. 14 The reference data for the Hg 4f 7/2 binding energy of HgBr 2 indicate that this is the primary form of oxidized Hg on the surface; however, reference data are not available for the Hg 4f 5/2 binding energy for this compound. Additionally, reference data are not available for a potentially surface-bound species of HgBr with an oxidation state of ϩ1. To determine the speciation of the Hg doublet in Figure 2d , the reference data were compared. According to Table 1 , the HgO doublet reference is 104.78 and 100.8 eV, compared with the measured doublet of 104.53 and 100.59 eV. This would imply that the doublet is HgO; however, when testing nonbrominated AC as shown in Figure 2d , it would be expected that the same doublet would be seen if Br in fact did not play the role in oxidation. Another option is a required combination of Br and O for Hg oxidation to take place. Further analysis of the Hg 4f 7/2 reference peaks in Table 1 indicate that the doublet may belong to HgO, Hg 2 Br 2 , or HgBr 2 because the binding energies for these are 100.8, 100.7, and 101.0 eV, respectively, compared with that of 100.59 eV in the work presented here. It is also important to note that these results compare quite well to those of Hutson et al. 14 Also, from the XPS scan it was found that there was approximately 40 times more O than Br within the sorbent sampled, implying that if both of these species are reactive, and if Hg 0 has the potential to "see" O more often than Br, then the HgO doublet should be more prevalent in the XPS spectra. Although the O is present to a higher extent, its availability to bind is questionable. In other words, without a more detailed analysis of the differences in how O and Br are each coordinated within the pore surfaces or bulk matrix of the C, it is difficult to infer what percent of the O is actually available to interact with Hg 0 . At the elevated concentration and low temperature, the doublet peak of oxidized Hg is clearly evident in Figure 2b , with the oxidized form currently unknown. It is also clear from this figure that the doublet of Hg 0 is not present at 99.9 and 104.0 eV. The evidence of these results implies that Hg adsorption at this low temperature and elevated concentration involves a chemical reaction, which, as outlined previously, would have an activation barrier if it were to proceed via a Langmuir-Hinshelwood mechanism. As a result, it appears that the data indicate one of the following:
• The oxidation reaction proceeds via an EleyRideal mechanism.
• The oxidation reaction proceeds via a LangmuirHinshelwood reaction with the activation barrier being overcome because of a cooperative effect based on high Hg coverage or Hg-Hg interactions due to the increased concentration.
• There is a two-step adsorption process in which Hg is first oxidized by Br via one of the two mechanisms as previously described, desorbs from the surface into the gas phase, and readsorbs to the surface. The difference between the roles of O and Br with regards to Hg capture was further investigated in this study through electronic structure calculations, which allow for deeper probing into the chemical bonding and potential surface complexes formed by these three species on C surfaces. Electronic Structure of Hg-Bound C AC is exceedingly difficult to model given its highly inhomogeneous structure. Graphene may be used as a simplified model of carbonaceous surfaces to study the reactivity of sorbents such as AC. 28 The model of a single layer of graphene with unsaturated edge atoms to create active sites has been used in multiple studies to simulate carbonaceous surfaces. 29 -32 Previous studies have considered models of C edges comprised of armchair and zigzag sites. [33] [34] [35] [36] The major conclusion from these previous investigations is that the zigzag sites with carbene atoms are the most reactive with the C atom having two unpaired electrons. 37, 38 The goal of this work is to identify trends in the adsorption and oxidation of Hg 0 on functionalized edge sites under relevant conditions of the surrounding flue gas. To model Hg adsorption on brominated, oxygenated, or hydrogenated C edge sites, a realistic model of the C sorbent and, specifically, its potential reaction sites, must be defined.
DARCO-Hg
The parameters used for the electronic structure calculations are first benchmarked by comparing C-C bond distances predicted by theory against experiments through simulating a bulk two-dimensional graphene sheet. Because the computational domain is periodic in three dimensions, the sheet is isolated from its periodic image sheets by a 10-Å vacuum region. The optimized C-C bond length of 1.42 Å is in perfect agreement with the experimental results of 1.42 Å. 39 -41 Because halogens (in particular, Cl and Br) and Hg have been found to react with the zigzag edge sites of graphene, the initial investigations use a graphene sheet with zigzag edge sites to model the reactive C surface. 42 The "surface" edge sites of the graphene sheet are created by modeling a slice perpendicular to the two-dimensional basal plane. A 25-Å vacuum is then used to isolate the edge sites from their periodic images. Two surfaces are required to correctly resolve the surface dipole layers. The result is shown in Figure 3 , with the two surfaces separated by 20 C atom layers, or 9 hexagonal C "rings," in which each ring consists of 4 layers of C atoms. The atoms outlined in the figure are the atoms included in the computational domain. The nine layers of rings were found to be the minimum necessary to ensure that the surfaces do not interact and that the center region retains the bulk configuration. Testing was carried out to determine the minimum number of C rings. C ribbons were simulated with depths ranging from 3 to 31 rings, and the change in C-C bond distance was recorded as a function of distance from the surface.
The change in the C-C bonds during energy optimization is quantified by the percent relaxation of the C-C bonds from the bond distance represented in a bulk graphene system. As the number of layers was increased, the two symmetric edges, shown in Figure 3 , interacted less, resulting in a decrease in relaxation (i.e., change from C-C bond distance of the bulk system). As the number of rings used to represent graphene was increased, the relaxation of the surface bonds converged to Ϯ2% with no relaxation or bond-distance change within the center atoms. On the basis of these investigations, a graphene ribbon nine rings deep was determined to be the appropriate size to model the zigzag edge sites of AC. Using the nine-ring-deep graphene ribbon model, electronic structure calculations were carried out to determine the most stable concentrations and configurations of H, Br, O, and Hg atoms at the edge sites. The initial investigations are represented with edges that contain five sites on each side of the graphene ribbon. Each structure is labeled in the form "X-X-X-X-X," where the five letters represent the surface coverage of the five zigzag edge sites of graphene. The sampled coverages include various combinations of O, H, Br, and Hg bound at an edge site. Within this initial investigation, the number and type of atom is consistent with the neighbor and nearest-neighbor configurations tested to determine which configuration results in the more stable edge. Although six configurations were tested overall, the two lowest and one highest configuration are adequate to discuss the trends in reactivity observed. These three configurations are pictured in Figure 4 . Each atom-Hg, O, H, and Br-is covalently bonded to the surface C edge site, but each also interacts to a certain extent with their nearest and next-nearest neighbor on neighboring edge sites, with the interaction indicated in Figure 4 through a dotted line between the edge-site atoms. Table 2 provides the energy of each of the system configurations tested and the bond length between the bound Hg and the surface C atom. To the authors' knowledge, the Hg-C bond length for Hg adsorbed on graphene has not been experimentally determined; however, the Hg-C bond length for various Hg-organic complexes has been determined and ranges from 2.21 Å in Hg(C 6 F 5 )(CH 2 CH 2 PPH 2 ) 3 (CF 3 SO 3 ) 43 to 2.35 Å when Hg is bonded para to a toluene methyl group. 44 The Hg-C bond lengths calculated in this investigation (2.26 -2.34 Å) agree reasonably well with the Hg-C bond lengths in other Hg-organic complexes, but experimental work on Hg-graphene to determine the Hg-C bond length is needed for comparison.
The interaction distances suggest that Hg and Br tend to repel each other while interacting closer to an H or O neighbor if such an opportunity exists. In summary, the graphene surface C atom binds to Hg more tightly when the neighboring surface atom is O, and the Hg-graphene structure is most stable when Hg is located next to a surface O atom but not immediately next to a bound Br atom.
From these results there appears to be some lateral interaction that increases the binding strength of Hg when the neighboring atom is O but decreases the strength when the interaction is with a Br atom. To further investigate these relationships, a DOS analysis was undertaken for the three structures in Figure 4 Figures 5a-5c , respectively. The s-, p-, and d-states of the Hg atom change appreciably after adsorption, signifying the strong interaction with the surface.
In particular, it can be seen that before adsorption no electrons are found in the 6 p-states of Hg, but after Hg interacts with the surface, there is an increase in electron density in these states. In regard to the dstates, although the peak shape has not changed, the energy has been reduced, denoting an additional interaction with the surface. The most information about the Hg-surface interaction, and in particular the differences between the interactions with the various surface configurations, is found in the DOS of the s-states of Hg. As can be seen in Figure 5a , not only does the shape of the DOS change after adsorption, but there is also a marked difference between the s-states of the lowestenergy Hg-O-H-Br-H surface and the other two surfaces. When Hg is in the Hg-O-H-Br-H configuration, there is a single main peak at approximately Ϫ3.5 eV and a smaller one at approximately Ϫ1.9 eV. In comparison, when Hg is in either of the other two configurations (i.e., H-O-Hg-Br-H and H-O-Br-Hg-H), the electron density is distributed into two or more main peaks. A wide distribution of states generally indicates a weakening of the overall interaction, which appears to be happening in these two cases.
To further understand the mechanism affecting the interaction, the DOS of the s-, p-, and d-states of all of the surface atoms were plotted and are shown in Figure  6 for H-O-Hg-Br-H (Figure 6a ), Hg-O-H-Br-H (Figure 6b) , and H-O-Br-Hg-H (Figure 6c) . Because of the differences in magnitude, the s-and p-orbitals are plotted on a smaller scale (left axis) than the d-orbitals (right axis).
The plots in Figure 6 provide information regarding the correlation of surface-bound Hg with the other surface atoms and show that the surface atom interactions change significantly depending on the surface atom configuration. In Figure 6c Surface-bound Br influences the interaction between Hg and the C by modifying the electron density To date, only a small sample of all of the possible configurations of Br, O, H, and Hg on the model AC surfaces has been investigated. Even with this small sample it is possible to gain some insight into the mechanism by which Hg is interacting with the surface. The strength of the Hg-graphene interaction is very sensitive to the local environment. In particular, the Hg binding energy strengthens when the Hg is located next to a surface O but not immediately next to a bound Br atom. Through the DOS analysis, it appears that Br modifies the electron density of the surface C, making the Hg-C bond weaker. In each of these cases investigated, configurations including direct Hg-C bonding with neighboring oxidizing atoms are presented; however, future work should include adsorbed configurations of Hg-Br and/or Hg-O to determine whether there are steps involving oxidation, desorption, and readsorption of the Hg 1ϩ oxidized form of Hg (i.e., HgBr) to become fully oxidized on the surface through a combination of a neighboring oxidizing atom (Br or O) or C.
SUMMARY
Through XPS surface characterization studies, it was found that Hg 0 is most likely oxidized via Br, resulting in a surface-bound oxidized Hg species, but that O cannot be ruled out as a possible contributor in the oxidation/adsorption processes. Additionally, preliminary theoretical results indicate that the position of certain surface atoms plays a role in stabilizing Hg on the surface. The Hg-C interaction is strongest when Br is a next-nearest neighbor and O is a nearest neighbor, resulting in the overall tighter Hg-C binding. The results suggest that the C surface can be tuned to serve as an ideal sorbent because Br and O can serve to tightly bind Hg in a surface-bound oxidized form.
